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2Abstract
Purpose: We sought to determine electrical thresholds required for extracellular
activation of retinal ganglion cells. This work was part of an exploration on the
feasibility of developing an epiretinal prosthesis.
Methods: Retinas from adult New Zealand white rabbits were isolated and
single-unit recordings were made following monophasic, square-wave electrical
stimulation near ganglion cell bodies. Single-unit recordings were made on the
retinal surface from axons of the cells being stimulated. Reproducibility was
studied on 20 cells by making a total of four measurements at nominally the
same point. Three stimulating electrodes (25 Im diameter bipolar, 10 !gm long
monopolar and 5 gm long monopolar) and four stimulation protocols were used
to study the spatial, temporal and polarity effects on current thresholds.
Medians were generally used to report data.
Results: A total of 1508 threshold measurements were made. Reproducibility
of threshold measurements gave a median of the absolute value of the error of
3.0% when the recording electrode was not moved, whereas the absolute error
increased to 20% after moving the electrode along the surface of the retina.
Threshold values increased with electrode displacement from the presumed
location of the cell body and decreased with the smaller electrodes and longer
stimulus pulses. Current thresholds as low as < 0.2 IA with a 500 sec pulse
were recorded. There was wide inter-cell variability in thresholds. For a given
3electrode, variations in electrode position with respect to the cell body and in
stimulus duration appeared to interact multiplicitively in their effect on threshold.
Polarity of stimulation influenced thresholds in that 1) lower thresholds and more
highly localized threshold profiles were generally found with cathodal
stimulation, 2) more accurate localization of the point of minimum threshold and
the lowest values for minimum threshold were found when a matched-polarity,
cathodal search and stimulation method was used, and 3) there was a
dependence of threshold on polarity of search and stimulation even at distances
far removed from the minimum threshold point.
Conclusions: This is the first study to examine electrical thresholds for retinal
ganglion cells following stimulation and recording from the same cell. Our
results suggest that small clusters of retinal ganglion cells within a relatively
small radius could be reliably stimulated by relatively small electrical currents
applied extracellularly. The potential neural toxicity and the quality of perception
that might result from such chronic stimulation delivered by a prosthesis remain
to be determined.
4We sought to determine electrical thresholds required for extracellular activation
of individual retinal ganglion cells as part of a project to develop an epiretinal
prosthesis. Our methods were chosen to reveal threshold parameters along
three spatial axes around the cell body as a function of stimulus polarity and
duration. These data, gathered from individual cells, were aggregated to judge
threshold profiles for groups of cells, since a prosthesis would stimulate
numerous, small clusters of cells.
Current thresholds are helpful in estimating the amount of power needed to drive
small clusters of ganglion cells and the degree of spatial selectivity that might be
attained with extracellular stimulation. Ultimately, the quality of the perceptual
image that might result from electrical stimulation of the retina would have to be
studied with behavioural tests in animals or feedback from human volunteers.
Our methods do not address the potentially significant problem of neural toxicity
that might result from chronic electrical stimulation.
Methods
All animals in this study were treated in accordance with institutional guidelines
and the Association for Research in Vision and Ophthalmology resolution on the
use of animals in research.
Retinal preparation
Adult New Zealand white rabbits (2-2.5 kg) were used in this study. Urethane
5(1.6 g/kg) was given intraperitoneally for sedation and sodium pentobarbital (20
mg/kg) was given intravenously for deep anesthesia. Under normal room
lighting an eye was enucleated and hemisected, and the vitreous humor was
removed with gentle suction applied to the back of a Pasteur pipet. A strip ( 1 x
2 cm) of inferior retina and attached sclera that included the optic nerve head
was removed and laid flat, ganglion cell side up, on a 10 degree inclined
platform. The preparation was superfused with a solution of 8.9 g/l Ames
medium (Sigma Chemical Co, St. Louis, MO.), 1.9 g/l NaHCO3, 0.8 g/l D-
glucose, and saturated with 95% 02: 5% CO2. The solution flowed by gravity
over the surface of the retina at a rate of 1.4-1.7 ml/min. The temperature of the
solution on the retina was maintained at 34-36 ° C. Diffuse background light ( 1
gW/cm2 at the retina) was present throughout the experiments.
Single-unit recordings
Action potentials were recorded from ganglion cell axons using standard
tungsten microelectrodes. The signals were fed into a differential amplifier
(DAM 80, World Precision Instruments) and displayed on an oscilloscope. The
indifferent electrode was a 22 gauge needle electrically grounded to the retinal
preparation.
General experimental protocol
For all experiments the recording microelectrode was mounted on a
micromanipulator and lowered onto the surface of the retina several millimeters
from the optic nerve head. Once action potentials from a single axon were
6isolated, the receptive field center of the ganglion cell driving that action
potential was sought by flashing a small (300 pm) spot of light over the
peripheral retina. In order to avoid having the stimulus artifact (produced by the
stimulating current) obliterate the displayed evoked action potentials, only those
cells with receptive fields at least 6 mm from the recording electrode were
studied (Fig. 1). After locating the center of the receptive field, the cell was
physiologically categorized primarily on the basis of its response to flashes of
light. A moving stimulus was also used to unequivocally identify directionally-
selective ganglion cells, which were then not included in this study.
With the spot of light centered within the receptive field, the tip of a stimulating
electrode (described below) mounted on a second micromanipulator was
lowered in the superfusion solution and positioned in the center of the spot. The
spot of light was then turned off and monophasic, square-wave current pulses
(100 or 200 sec in duration, applied at 4-5 Hz) were delivered through the
stimulating electrode by a (model SD9 or S88) Grass stimulator. The amplitude
of the current pulses was continually adjusted as the electrode was slowly
lowered towards the retina. The point at which the current pulse amplitude
required to just generate an action potential no longer fell was taken to be the
retinal surface. To aid detection of orthodromically generated action potentials,
the oscilloscope sweep was triggered by a prepulse from the Grass stimulator.
Visual assessment was often used to assist in judging the point at which the
7electrode contacted the retina. With few exceptions, only one ganglion cell was
studied in each retinal strip.
Stimulation thresholds were determined by beginning with a subthreshold
current that was increased until action potentials were elicited more than 50% of
the time over 10 or more consecutive stimulations. To minimize damage to the
electrodes, currents greater than 300 pA were generally not used. The ability of
the electrodes to pass current was checked periodically during the course of the
study.
A variety of search and stimulation methods were used; specific details
regarding the protocols are described below. Since the retinal strip lay on a 10°
inclined platform, a 10° wedge was glued to the bottom of the micromanipulator
that held the stimulating electrode for protocols Il-IV. This alignment insured
that the plane within which the tip of the stimulating electrode was moved
matched the plane of the retinal surface. The x, y, and z spatial coordinates of
the stimulating electrode were measured from three vernier micrometers on the
micromanipulator.
Search and stimulation protocols
Protocol : Cathodal thresholds with 25 pm bipolar electrode
In this series of experiments, a concentric bipolar electrode was used for
8electrical stimulation (Fig. 2). Monophasic voltage pulses of controllable height
were generated from a Grass stimulator (model SD9). Several resistors (total
resistance 210 kOhm) were connected between the return electrode (the
stainless steel tubing) and the stimulator, resulting in a controllable current
output. The magnitude of current was determined by measuring the voltage
drop across one of the resistors (a 10 kOhm resistor) with a high input
impedance probe.
The stimulating electrode was mounted on the micromanipulator so that the shaft
of the electrode was nearly perpendicular to the surface of the retina. The tip of
the stimulating electrode was placed in the superfusion solution and moved with
guidance of the unaided eye to the center of a spot of light that had been
positioned at the center of a cell's receptive field. The light was then turned off
and cathodal current pulses (200 psec duration) were passed through the
electrode as it was being lowered towards the surface of the retina. At some
point, the current needed to stimulate a ganglion cell ceased to drop, and this
point was assumed to lie at the retinal surface. This general interpretation was
supported in some instances by observation of contact of the electrode to the
retinal surface.
Thresholds were only obtained along the y-axis (Fig. 1). For each
measurement, the microelectrode was raised 20 Im from the retinal surface,
9and then moved in 50 glm increments. At each increment the stimulating
electrode was lowered until a new threshold value was obtained at the presumed
surface of the retina. The lowest threshold point found in this search (the
"measured origin") was used as the origin in plots of threshold dependence on
electrode position.
Protocol I: Cathodal thresholds with 10 !m long monopolar electrode
The stimulating electrode was made of platinum/ iridium with an exposed tip 10
gm in length (Fig. 2). Monophasic, square-wave 200 iA cathodal current pulses
were generated from a SD9 Grass stimulator, and 200 sec pulse durations
were used to search for the minimum threshold point. The return electrode was
a 22 gauge stainless-steel needle (separate from the ground) placed lengthwise
along an edge of the retina. Several resistors (total resistance 450 kOhm) were
connected between the return electrode and the stimulator. The magnitude of
current was determined from the voltage drop across a 10 kOhm resistor.
The shaft of the electrode was maintained at a 45° angle to the retinal surface.
The methods for determining threshold at a given point were identical to those of
the previous protocol. After measuring the threshold at the center of the optical
receptive field, the electrode was elevated, moved approximately ±+ 100 Im
parallel to the y-axis until the lowest threshold was found and then from that
point moved approximately +± 100 !gm parallel to the x-axis (Fig. 1) to search for
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adjacent sites of even lower threshold. The measured origin was taken to be the
lowest threshold point found in this search and was used as the origin in plots of
threshold dependence on electrode position. The rationale for this combined
optical and electrical search strategy was two-fold. First, the tip of the
stimulating electrode may not have been precisely centered within the optical
receptive field because its placement was guided by sight alone. Second, the
point of lowest electrical threshold may not lie at the center of the cell's optical
receptive field.
While maintaining the electrode at the measured origin, the pulse duration was
changed to 20, 50, 100 and 500 isec and thresholds were measured for each
duration. Thresholds were then measured at +± 50 gm along the x- and y-axes,
and finally 50, 100, 150 and 200 Im above the measured origin along the z-axis.
At each of these positions thresholds were measured for the five pulse
durations.
Protocol 111. Anodal thresholds with 10 im monopolar electrode
The methods were identical to those of the previous protocol, except that the
electrical search and threshold measurements were conducted with anodal
pulses. Threshold measurements were made only at the measured origin with
the five pulse durations.
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Protocol IV. Thresholds with 5 um monopolar electrode
In this fourth protocol the stimulating electrode was made of platinum/ iridium
with an exposed tip 5 Im in length (Fig. 2). Monophasic, 100 sec duration,
square-wave cathodal or anodal current pulses were generated by a calibrated
Grass stimulator (model S88) and photoelectric stimulus isolation unit (model
PSIU6). The return electrode was a Ag-AgCI sheet (surface area: 1.2 cm2) that
lay on a platform beneath the retina. The magnitude of the current was read
from the stimulation unit.
Only recordings from off-center, brisk-transient ganglion cells were selected for
study. Alignment of the stimulating electrode over the receptive field center was
facilitated by imaging with a video camera and displaying a 12x magnified view
of the retina on a monitor. As before, the stimulating electrode was mounted on
the micromanipulator at a = 45° angle with respect to the retinal surface.
In searching for the measured origin, threshold measurements were first made
along a line parallel to the y-axis extending + 150 jIm from the center of the
optical receptive field. From the lowest threshold point found, a further search
for the minimum was made along a line extending + 150 gm parallel to the x-
axis. From this second minimum threshold point a final search was conducted +
50 Im along a new line parallel to the y-axis. The point of lowest threshold
found in the final search was used as the measured origin, and all other
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electrode positions were plotted in relation to it. This tripartite search strategy
was performed using cathodal stimulation for half of the cells and anodal search
for the other half. Once the measured origin was determined for one polarity,
the threshold to the opposite polarity was immediately determined without
moving the electrode. Thresholds at the retinal surface were then measured for
six additional points separated by 50 glm along both x- and y-axes. After each
threshold determination, the microelectrode was raised 150-200 Im before
attempting to reposition it for the next measurement. Micrometer readings were
used to guide relowering of the electrode to the presumed plane of the retinal
surface. Finally, change in threshold as a function of distance above the
measured origin (i.e. the z-axis) was determined by measuring thresholds 25,
50, 75, 100 and 150 gm above the retina.
Much more dense measurements of current thresholds were made for one cell,
whose measured origin was found in an identical manner. In this case, 100
measurements were made at 25 !gm increments in a 10 x 10 array in the x-y
plane from the lowest threshold point found with anodal search. At all points
threshold to anodal current was first determined and then threshold to the
opposite polarity was immediately measured without moving the electrode.
Reproducibility of Methods
Reproducibility of threshold measurements was assessed for 20 ganglion cells
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by making four measurements at nominally the same point, using the 5 Jim long
electrode and monophasic stimulation of 100 tIsec. The measured origin around
a cell body was initially determined with either cathodal or anodal stimulation.
Without moving the electrode, a second measurement was made immediately
after the first (immediate test-retest). The third measurement at the measured
origin was made after moving the electrode to make threshold measurements
within the retinal plane (x- and y-axes), as described in Protocol IV. The fourth
measurement was then made after the stimulating electrode was moved away
from the retinal surface along the z-axis and then lowered again to the retinal
surface. Markings on the micromanipulator were the sole guide used to attempt
return of the electrode to the measured origin.
We also studied the spread in measured thresholds of cell populations each
studied under identical conditions, in order to determine if the spread could be
traced in part to variations in protocol. For the threshold spread of each
population we calculated the average absolute percent deviation from the
population median.
Statistical Methods
Medians (rather than means) are used to report the data primarily because they
are much less sensitive to the effect of a small number of extreme outlying
values. Medians are also helpful whenever high thresholds are reported as
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simply being greater than a certain value, as was done whenever we judged that
further elevation of current might damage the electrodes or cells. With such
occasional semi-quantitative results, medians but not means can still be
accurately calculated. Instances in which absolute thresholds were not
measured are detailed in the figure legends.
Results
A total of 1508 threshold measurements were made on 78 ganglion cells. With
the exception of the last protocol, no attempt was made to select specific cell
types. Yet, approximately 75% of cells studied in the earlier protocols had
physiological characteristics of off-center brisk" retinal ganglion cells. This
outcome probably occurred partly because of the large size of these cells, which
increases the chance that they could be found and reliably stimulated. Results
from each of the four experimental protocols are presented separately.
Reproducibility of Methods
The median percent changes, reported in Table 1, were obtained by combining
results from cathodal and anodal stimulations (N=20). The immediate test-retest
strategy (i.e. 12 vs. 11), in which the stimulating electrode was not moved, gave
the most reproducible thresholds. Movement of the stimulating electrode within
the x-y plane and then back to the measured origin (3rd vs. 2nd measurement)
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yielded somewhat larger medians. There was also a greater spread in the
results, as revealed by the larger median for absolute values of the percent
change. Movement of the stimulating electrode above the plane of the retina
and then back to the presumed point of the "measured origin" (4th vs. 3rd
measurement) resulted in a further increase in the median current needed to
activate the cells, although the spread of measured thresholds was reduced
relative to the previous comparison.
In contrast, re-examining the same thresholds data taken at the measured origin
revealed much greater spread from one cell to another than for individual cells
presented in Table 1. The threshold spread+ was calculated for each
search/stimulation combination using the lower of and 12 as the minimum
threshold for each cell (N = 10 for each search/ stimulation pair - see protocol
IV methods). For cathodal/ cathodal the spread was 25%, for anodal/ anodal
51%, for andodal/ cathodal 82%, and for cathodal/ anodal 91%. Thus the
spread over cell populations was subtantially larger than the spread over
repeated measurements over the same cell, and this increase in spreads
continues as we move away from the measured origin. For example, the
average spread at 50 Im displacement in the 50 gm plane (using only negative x
and both y displacements) averaged 161%.
+ By theshold spread over a population of cells measured under the same conditions we mean
the average absolute percentage deviation of the thresholds from the population median.
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Across the four protocols, the spread from the median was 58%. For electrode
locations other than the measured origin, the overall average rose to 103%. In
both cases, much of the spread arose from a modest number of very high
outlying thresholds. We found no consistent relation between the spreads in
thresholds and specific protocols, the experimenters accumulated experience or
electrode displacement.
Cathodal thresholds with 25 urnm bipolar electrode
For 32 of the 39 cells studied, the lowest electrical threshold was not at the
center of the optical receptive field. The average magnitude of the shift from
center was 84 glm. The point of lowest electrical threshold for each cell was
taken as the origin, and all other values were reported according to their
displacement from the minimum threshold point. In some instances the retina
appeared to be inadvertently dragged as the electrode position was changed,
which might partially account for thresholds of individual cells that changed only
slightly with eccentricity or had an unusually steep increase between two points.
Figure 3 shows the lowest cathodal thresholds found for 38 cells. A 90 A
threshold (more than 3 times larger than any other) for one cell was excluded; its
removal did not shift the median. Eighty-one percent (31 of 38) of the cells were
Thresholds for displacements along the positive x axis, along the presumed axonal path were
excluded, as were thresholds from fig. 11, for which there is no comparable experimental
population. For thresholds reported as greater than or less than a current , the value I was used
in calculating the spread; this affected only 53 of the 1039 thresholds used.
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characterized as off-center brisk (transient and sustained) cells; a mixture of on-
center brisk cells accounted for the remainder. The range of thresholds for all
cells was 0.4 -23 pA. Minimum thresholds were < 10 !A for 76% and < 1.0 pA
for 13% of the cells. Median threshold for the on-center brisk cells was 5.6 .A.
Figure 4 displays dependence of threshold on electrode position. There was
wide variation in thresholds obtained at any point, but the degree of variation
(considered as the average magnitude of the percent deviation from the median
over the cell population) did not change significantly with eccentricity.
Thresholds far away from the origin were sometimes not recorded if more
proximal values had already risen substantially above the value at the origin.
The median threshold rose by an average factor of 1.6x with ±+ 50 m
displacement from the point of lowest threshold, and 3.9x and 5.2x for ±+ 100 glm
and ± 150 gm displacements, respectively.
The monotonic increase in threshold with electrode displacement in either
direction seen in the aggregated data of fig. 4 is not always present when
recordings from individual cells are examined. Of the 39 cells, 29 showed the
expected U-shaped threshold profile, but 3 showed a non-monotonic profile and
7 had an L- (or mirror image L-) shaped profile. The reason for the unexpected
profiles is unclear but we considered the possibilities that the retina was
inadvertently dragged when the electrode was moved and that the ax.gn
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emerged from the cell body more along the y- rather than the x-axis.
Accordingly, subsequent experiments were performed by raising the electrode
more than 20 gm above the retina before moving the electrode within the x-y
plane and by careful observation to reduce the possibility that the electrode
dragged the retina.
Cathodal thresholds with 10 uim lonq electrode
The 6 ganglion cells were classified as off-center sustained (3), off-center
transient (2) and on-center sustained (1). The strength-duration relation of 6
cells at the measured origin is shown in fig. 5. Median values were fit by the
standard empirical formula ITh = Ir (1 + C/U) [Equation 1], where ITh is the
threshold current, Ir is the rheobase, c is chronaxie and is duration of
stimulation.2 This formula yielded a rheobase of 3.1 A and a chronaxie of 60
psec. Current thresholds fall slowly enough that charge (i.e.: current X duration
of stimulation) thresholds rise with increasing stimulus duration (Fig. 5, right).
Variation in median threshold with stimulus duration and distance from the
measured origin is shown in fig. 6. Seventeen of the 180 eccentric
measurements yielded a value lower than that obtained at the measured origin
for the same stimulus duration. Of these 17 measurements (which were all
obtained in the x-y plane), 5 were made with the 200 Usec duration pulse used in
the search for the point of lowest threshold, which suggests that in these
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instances the search was too spatially limited. Individual thresholds ranged from
0.2 to 110 !zA. The median threshold taken from all stimulus durations rose by
an average factor of 2.2x for any 50 lm displacement of the electrode from the
measured origin. Table 2 reports additional detail about the rise in threshold
along individual axes.
Changing duration from a given value to a smaller one produced almost the
same upward shift of the median threshold curve at each electrode position.
Since an upward shift on the vertical, logarithmic axis results from multiplication
by a constant, these plots suggest that reducing stimulus duration multiplies the
threshold by a factor that is almost independent of electrode position.
Anodal thresholds with 10 um long electrode
Thirteen cells were studied, nine of which were classified as off-center brisk
transient cells, two as off-center brisk sustained cells, and two as on-center brisk
cells. Fig. 7 shows anodal current thresholds for 13 cells at the measured origin,
which was found by anodal search. The best fit to the empirical relation
[Equation 1] yielded a rheobase of 5.5 A and a chronaxie of 140 !sec. Current
thresholds fall slowly enough that charge thresholds rise with stimulus duration
by a factor of 4.5x as duration increases from 20 to 500 isec. All but one of the
20 threshold measurements for the four non off-center brisk transient cells fell
within the range of values of the off-center brisk transient cells.
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Thresholds with 5 um long electrode
Thresholds at the measured origin of 20 retinal ganglion cells, which were all off-
center brisk transient cells, are plotted in fig. 8. The median anodal threshold
was 7.6x larger than the median threshold for cathodal stimulation. Thresholds
for both cathodal and anodal stimulation were dependent upon the search
method used to find the measured origin. Polarity-matched cathodal search and
stimulation produced a narrow range of minimum thresholds with a median that
was 1/10 (0.5 vs. 5.0 pA) that of the anodal (search and stimulation) method.
Median thresholds rose when polarity of search and stimulation was not the
same.
Raw thresholds along the x-, y-, and z-axes for the same 20 cells are segregated
by polarity of stimulation in fig. 9. The large spread in thresholds about the
median is evident from the individual data values, which are referenced to the
linear axis. The semilog axis, in which vertical differences correspond to ratios
of thresholds, expands the lower range of threshold values and makes evident
the percentage increase in threshold with distance from the measured origin.
The semilog plots emphasize the lower minimums and steeper percentage
increase in thresholds around the measured origin with cathodal stimulation
along the x- and y-axes. Recall from fig. 1 that the positive x-axis extends from
the measured origin toward the optic nerve head, along the presumed path of
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the axon. The asymmetry for cathodal thresholds along the x-axis may have
resulted from stimulation of axons.
Fig. 10 separates the data in fig. 9 by the polarity of the search method. For
most positions of the stimulating electrode, thresholds were lower when the
search and stimulation were polarity-matched. Also, the lowest overall threshold
around a cell body was always found at the point revealed by the initial search to
be the lowest threshold (i.e. the measured origin) when polarity-matched search
and stimulation methods were used; this was not always true when the search
and stimulation were of opposite polarity. The pairing between search and
stimulation methods also had an effect on threshold values away from the
measured origin. For polarity-matched methods, a 100 gm displacement of the
electrode from the measured origin resulted in substantially greater relative
increases in threshold for cathodal/ cathodal vs. anodal/ anodal search and
stimulation along all three axes. Similar to the more aggregated data in fig. 9,
the polarity-matched median threshold profiles along the x-axis were relatively
symmetric with anodal, but not with cathodal, stimulation. The asymmetry
results from the relatively slower rise in cathodal threshold from the measured
origin to (+)150 gm, along the presumed axonal path. Aggregated and polarity-
matched cathodal methods both showed a deeper valley of thresholds around
the measured origin along the x- and y-axes than the corresponding anodal
method. Details of threshold increase with displacement are in table 2.
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We also examined the threshold profile of each cell along the y- and z-axes to
determine how frequently the responses of a single cell matched the threshold
profile derived from the aggregated data of all 20 cells. Along the y-axis, the
cathodal search strategy produced the expected U-shaped threshold profile in
13 of 20 instances, compared to 9 of 20 cases of anodally searched cells. An L-
shaped profile was found in 5 cases with anodal stimulation and in 2 cases with
cathodal stimulation. The two threshold profiles obtained from the same cell by
reversing polarity of stimulation showed a substantial qualtitative difference from
one another in 5 of 20 cases for cathodally searched cells and 7 of 20 cases for
anodally searched cells. For the z-axis, threshold profiles revealed a
progressive rise with increasing displacement of the electrode from the retina in
20 of 20 cases in which the search and stimulation were performed with the
same polarity.
A dense, two-dimensional array of threshold measurements for one off-center
brisk, transient retinal ganglion cell illustrates the dependence of threshold
pattern on stimulus polarity (Fig. 11). Cathodal stimulation produced the lowest
(0.18 pA) and highest (110 IpA) thresholds. A region of relatively low thresholds
is evident from the center to lower left quadrant for both methods of stimulation.
For cathodal stimulation, thresholds within this region are lower and those
outside are higher than with anodal stimulation. Points of lowest threshold were
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discovered away from the measured origin for both cathodal and anodal
stimulation.
Discussion
This research was undertaken as part of a project to develop an epiretinal
prosthesis to restore some vision to patients who are blind from degeneration of
the outer retina. The primary goals of this work were to determine minimum
current threshold and rise in threshold with electrode displacement for
extracellular stimulation of retinal ganglion cells. The former can be used to
judge the power requirements of an independently-functioning prosthesis and
the potential for electrochemical toxicity, whereas the latter can be used to guide
the choice of interelectrode spacing and estimate the potential spatial resolution
that could be derived from such a prosthesis.
We used four experimental protocols to address our goals and report results
from 1508 current threshold measurements on 78 cells using monopolar
stimulation. The first protocol studied cathodal thresholds of a relatively large
number of cells (N=39) with a 25 m bipolar electrode along a single spatial
dimension. This electrode was the largest and the only bipolar electrode in the
series. The results showed a median minimum current threshold of 8.0 A that
increased only modestly with electrode displacement (Figs 3, 4; Table 2). We
observed a frequent mismatch between the geometric center of the optic
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receptive field as judged "by eye" versus the point of lowest electrical threshold.
This prompted us to alter our protocol to use an electrical search method in all
subsequent experiments to find the point of lowest electrical threshold - the
measured origin.
In the second protocol a 10 !gm long electrode was used to study cathodal
thresholds of a small number of cells (N=6) in three spatial dimensions plus time.
Compared to the preceding experiment, lower minimum thresholds and a
somewhat steeper rise of threshold with electrode displacement were found.
Thresholds along the z-axis increased more steeply than in the other two
directions, and thresholds decreased with increasing stimulus duration (Table 2;
Fig. 5, left). The fall in thresholds was sufficiently modest that threshold charge
(current X time) increased sharply with stimulus duration (Fig. 5, right).
The third protocol, which used the same 10 gm electrode but anodal stimulation,
studied the effect of stimulus duration at the measured origin with a larger
number of cells (N=13). The strength-duration and charge profiles were similar
in shape to those in the second protocol (Figs. 7 vs. 5). The median minimum
threshold, however, was more than twice that of cathodal stimulation (Table 2).
The fourth protocol used the smallest electrode in the series (5 m long) to study
the effect of search and stimulation polarity on thresholds of ganglion cells
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(N=20) along three spatial axes. This protocol included repeated measurements
at the same location to assess reproducibility. For most positions of the
stimulating electrode, thresholds were lower when the polarity of the search and
stimulation were the same. Cathodal search followed by cathodal stimulation
produced the lowest thresholds at the measured origin (Fig. 8) and most other
locations, as well as the steepest percentage rise in threshold with displacement
(Fig. 10).
Two features of our recorded data might be interpreted as arising from
experimental imprecision rather than as accurate reflection of the biology. We
expected the spatial profiles along the y-axis to be U-shaped for each cell, but in
protocol I about 1/4 of the profiles were not. We suspected this was due to
dragging of the retina by the electrode, and in protocol IV we raised the
electrode high enough between measurements to presumably eliminate this
problem. To our surprise approximately 1/2 of these profiles also were not U-
shaped, and furthermore the anodal and cathodal profiles for the same cell were
often qualitatively different. Neither effect appears to arise from dragging the
retina in the process of changing electrode position.
The wide threshold spreads also raised technical concerns. We compared
threshold variation in single cell measurements with threshold spreads over cell
populations measured under identical circumstances (in protocol IV), and
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studied how the latter varied across protocols. We were pleased to note that
measurements on a single cell taken at the measured origin were reproducible
to 20% or better (Table 1). The population spread at the measured origin for
these same cells increased to 25-91%, and grew even larger to an average of
161% at 50 pm electrode displacement. These three observations suggest that
the wider variations away from the measured origin likely reflect differences in
cellular properties rather than experimental error. Although there is undoubtedly
imprecision in finding the point of lowest threshold for any cell, Table 1 suggests
that there is little technical inaccuracy in moving the electrode from one position
to another.
The following subsections discuss the fundamental conclusions that emerge
from our studies.
Minimum Absolute Threshold
The minimum thresholds found varied with search method, electrode size,
stimulus duration, stimulus polarity and probably experience. In general, the
lowest current thresholds were obtained with the smallest electrode, longest
(500 psec) stimulation, and cathodal search followed by cathodal stimulation.
The lowest recorded single value for current threshold, < 0.2 IJA, was obtained in
an experiment that fulfilled these criteria, except that the electrode was 10 (vs. 5)
pm in exposed length.
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Regarding search method, we began our experimentation with an optical search
for the point of lowest threshold and discovered that the visually-located center
of the optical receptive field rarely coincided with the point of lowest electrical
threshold. We suspect that use of an electrical search in the first protocol would
have given lower minimum thresholds and a steeper rise in threshold away from
the minimum. Because of this problem, all subsequent experiments included an
electrical search for the minimum threshold point after initially locating the center
of the optical receptive field.
Our choice of the initial electrode (25 IJm bipolar) was based upon the desire to
obtain lower charge densities with this relatively large electrode with more highly
localized electric fields by virtue of the bipolar structure. We reasoned,
however, that the median minimum threshold of 8 pA might have been partially
limited by the relatively large size of the electrode. For the subsequent protocols
we then used smaller electrodes, which require lower currents than larger
electrodes to produce a given surface electric field intensity. Our finding that the
smallest electrode gave the lowest thresholds at the measured origin for each
polarity of stimulation is consistent with this presumption (Table 2). In addition
to the smaller electrode size, we chose pointed tip electrodes in the belief that
the electric field and current density would both be highly concentrated at the tip.
This geometry should therefore approximate the behaviour of a point source,
.- 
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increasing the focality of the electric field and yielding lower and more localized
thresholds. The lower and steeper threshold profile found with the 5 vs. 10 pm
long electrode (Table 2) probably results from the smaller electrode acting more
like a point source.
Even an extremely fastidious search and use of small electrodes, however, did
not always assure that the initial search would yield the lowest threshold that
would ultimately be discovered. For instance, in both dense data arrays (Fig.
11) the lowest threshold was still non-coincident with the initally measured
origin. More detailed search methods, therefore, increase the probability but do
not guarantee finding the true lowest minimum threshold. We have not studied
in detail the relationship between optical and electrical receptive field centers,
nor have we experimentally investigated the relationship between electric field
centers and cell anatomy.
Thresholds tend to rise sharply with increasing displacement
In general, median thresholds steadily increased as the electrode was moved
farther from the measured origin, rising with a 100 pm displacement by a range
of factors from 3.9 to 39x. Current threshold increased more steeply with
displacement for smaller electrodes (Table 2; Fig. 12).
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For a single cell, the central steepness of the threshold profile is related to the
degree that the experimenter can accurately localize the minimum threshold
point (i.e. axon hillock). Imperfect searches, for which the measured origin fails
to lie at the true minimum threshold point, can yield aggregated data from
several cells with a misleadingly broad and shallow threshold curve. This effect
occurs when the the initial search for a group of cells localizes the measured
origins at various displacements from the true points of lowest threshold, even
when sharp minima are obtained around the individual cell bodies.
The profile of threshold values was significantly influenced by the electrode,
stimulus polarity and experimental techniques, as shown in fig. 12. The curve
with the obviously lower minimum and steeper contours was achieved with the
smallest electrode, the most detailed search strategy, matched-polarity search
and stimulation, and the greatest amount of accrued experience. The relatively
shallow curve from the 25 gm electrode experiment was obtained with a visual
rather than electrical search for the minimum threshold, which almost certainly
hindered finding the true lowest value.
Thresholds fall with increasing duration of stimulation
Current threshold fell with increasing duration of cathodal and anodal stimulation
in a manner like that reported by others (Figs. 5 and 7). Cathodal and anodal
charge thresholds increased by factors of 6.3x and 4.5x, respectively, as
30
stimulus duration went from 20 to 500 gsec. The charge increase was evident
even below 100 !sec despite the steep fall in current thresholds at these short
durations, indicating the current thresholds fell less than the expected 1/t rate (t
= time) for the shorter durations that were measured.' 2 The profiles of current
thresholds that we measured gave cathodal and anodal chronaxies of 60 and
140 !sec, respectively, which are considerably shorter than typical central
nervous system neuronal membrane time constants of roughly 1 msec. 2 Our
finding is also qualitatively consistent with electric field models. 34
The almost uniform vertical displacement of medians on the semilog plots in fig.
6 suggests that the stimulus-duration curve for a group of cells varies with
duration by a multiplicative factor that is almost independent of position (see
below). To examine how well this relationship holds at the various stimulus
locations, we normalized the threshold for each of the six cells at each of the
seven locations to its threshold for that position with 100 p1sec stimulus duration
(Fig. 13). The relatively tight clustering is additional evidence of the
independence of threshold ratios from electrode position. This conclusion must
be somewhat tentative given the small number of cells and the possible
uncertainty of the x-and y- locations at which thresholds were obtained with
respect to the true minimum threshold point.
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Polarity of Stimulation
Polarity of stimulation influenced the likelihood that the search procedure would
locate the point of lowest threshold. It also influenced the threshold values
found away from the measured origin and the contour of the profile curve. For
instance, a mismatch between the point of lowest threshold ultimately found for a
cell and that revealed by the initial search strategy occurred much more often
when search and stimulation were performed with opposite polarity. For the 5
gm long electrode experiments, the point of minimum threshold was not located
at the initially measured origin in 6 of 10 cases with cathodal search and 7 of 10
cases of anodal search, when each was followed by stimulation of the opposite
polarity. This discrepancy was never observed in the 20 cells in protocol IV
when matched polarity was used, though it did occur in the dense data array
(Fig. 11) with anodal search and stimulation. By comparison, in our initial
attempts to perform electrical searches (protocol II -- cathodal search and
stimulation, fig. 6) 17 of 120 measurements in the retinal plane away from the
initially measured origin revealed a lower threshold elsewhere than that found at
the measured origin. None of the 60 threshold measurements above the retina
were discrepant in this way.
It is a novel finding that matched-polarity cathodal search and stimulation
methods almost always produced the lowest current thresholds. In particular,
matched-polarity cathodal thresholds were lower than matched-polarity anodal
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thresholds found at the measured origin with both the 5 and 10 gm long
electrodes (Table 2). We also found that polarity of search and stimulation
continued to influence thresholds even at distances far removed from the
measured origin. In fig. 10, polarity-unmatched search and stimulation gave
higher median thresholds than polarity-matched methods in 8 of 10 cases even
out to 150 Im from the measured origin. This effect was especially pronounced
with cathodal stimulation at 150 im along the negative x- and positive y-axes.
Our primary finding regarding the effect of polarity is that the threshold profile
near a ganglion cell has a higher minimum threshold and a slower percentage
rise with displacement for anodal than for cathodal stimulation. Fig. 11 gives
thresholds for a single cell using different stimulus polarities, and this single
difference in method produced an obviously lower and more highly localized
minimum threshold for cathodal stimulation. Similar effects are seen in the x-
and y-axis (and to a lesser extent in the z-axis) semilog plots of fig. 9.
Further, mixed-polarity search and stimulation give higher and broader
thresholds than cathodal-cathodal stimulation. Cathodal search followed by
anodal stimulation gives a characteristically flat anodal profile of thresholds but
often fails to accurately locate the minimum anodal threshold point. Anodal
search followed by cathodal stimulation similarly fails to locate the minimum
threshold point, but the effect of the error is more dramatic for two possible
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reasons: 1) the anodal profile minimum occurs at a different point than the
cathodal minimum and the anodal minimum is so shallow that the
experimentally-selected point may be widely distributed from it, 2) the cathodal
threshold rises very steeply (in percentage terms) about its minimum and
therefore a small spatial error in the (anodal) search would dramatically elevate
the observed minimum threshold. An interpretation of these experimental results
based on electric fields in relation to cell membranes is presented below.
Proposed Physical Principles Underlyinq Some of the Results
Our interpretations regarding the relationship of the electrical fields to ganglion
cells derive from our experimental results and application of known physical
principles and anatomy.
Threshold profiles were lower and steeper near the measured origin when
cathodal stimulation or smaller electrodes were used (Figs. 8-12, and Table 2).
These results are consistent with two physical principles: 1) cathodal stimulation
depolarizes portions of the neuronal membrane nearest the electrode,2 and 2)
the 5 and 10 pm long conical electrodes produce an intense electric field near
their surfaces that decays rapidly with radial displacement. We also make the
reasonable anatomical assumption that 3) the axon hillock usually emerges
parallel to or toward the inner limiting membrane, where our stimulating
electrode was positioned.
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An ideal point source in a uniform environment would produce an electric field
that falls off inversely with the square of the distance of the electrode to the cell
body (i.e. radius = r). Thresholds would then rise quadratically with
displacement. To determine the degree to which our electrodes act like ideal
point sources, we plotted the ratio of the threshold at each displacement to its
value for the same cell at 100 pm displacement, along with the curve that would
result from an ideal inverse r2 falloff (Fig. 14). The median of these ratios follows
the ideal curve reasonably well at the larger displacements ( 75 pm), but fall
more slowly than the ideal curve at smaller displacements. The ideal point
source, for which the electric field becomes infinite at zero displacement and the
thresholds theoretically vanish, is a poor model within one or two electrode
lengths from the tip. Therefore we did not plot threshold ratios at the measured
origin.
The 5 pm long electrode may act more like a point source than the 10 pm
electrode, producing for a given current an electric field that is larger at the
surface and initially falls off more rapidly with distance. This view is consistent
with our finding of lower minimum thresholds at the measured origin with the
smaller electrode using both cathodal and anodal stimulation. It is also
consistent with the more rapid percentage increase in cathodal threshold with
displacement for the smaller electrode (Table 2). But these results may or may
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not be explained by the difference in electrode size, given the relatively small
number of cells studied and the previously noted inaccuracy of the search
method in the 10 pm electrode experiments.
Although the electrodes act only approximately as ideal point sources, a small
electrode near the cell body produces an intense and localized field at the
surface of the cell membrane near the electrode, and a weaker more diffuse
electric field in the same direction at the opposite surface of the cell body. Given
the random placement of an electrode away from the axon hillock, cathodal
stimulation would produce: 1) a localized field that depolarizes the membrane
nearest the electrode, 2) a diffuse field on the opposite side of the cell that is
hyperpolarizing, 3) a corresponding depolarization of the membrane at the axon
hillock, and thus a lower stimulus threshold for the cell. With anodal stimulation,
the weaker diffuse field on the opposite side of the soma from the electrode
would cause membrane hyperpolarization along the axon hillock and therefore a
higher cellular threshold (Fig. 15).
Though other interpretations are possible, including anodal break excitation at
the axon hillock with anodal search, this construct is consistent with the lower
thresholds observed at the measured origin with cathodal stimulation, using both
5 and 10 pm electrodes (Table 2). This hypothesis is also consistent with the
steeper percentage rise in threshold with cathodal search followed by cathodal
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stimulation as the electrode is moved from the measured origin, since the
measured origin would lie nearer to the axon hillock. Note, for example, the
matched-polarity cathodal and anodal search and stimulation results of fig. 10,
especially along x- and y-axes.
The principles discussed above do not include the relationship between
threshold dependence and stimulus duration. In fact, figs. 6 and 13 suggested
the hypothesis that, for any two threshold stimuli applied to the same cell at the
same location with different durations, any decrease in duration has a
multiplicative effect on threshold that is independent of the particular stimulus
position chosen. Conversely, changes in electrode position would therefore
have a multiplicative effect on threshold that is independent of duration.
Relation to Earlier Research on Retinal Stimulation
At least five other reports describe electrical stimulation to a mammalian eye
while recording from the inner retinal surface. Granit reported that externally
applied current to the cat eye yielded lowest thresholds of 0.2 mA (with 0.5 sec
stimulus duration) by recording from single ganglion cell axons.5 Later work from
the same laboratory demonstrated different thresholds for on- and off- ganglion
cells, with the two channels having opposite responses to cathodal and anodal
stimulation and the on-cells having a lower ratio of cathodal to anodal current
threshold than off-channels.6 Crapper and Noell recorded from single retinal
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ganglion cell axons in rabbits and demonstrated a similarity in responses to
electrical and optical stimulation and initiation of a series of action potentials by
single electrical pulses. They concluded that electrical stimulation elicits both
inhibition and excitation of retinal responses and supposed that photoreceptors,
not ganglion cells, were the primary site of activation with their protocol. 7 Ogden
recorded retinal responses at various depths following surface retinal
stimulation, but did not determine current thresholds. 8
The work of Humayun et al. most closely resembles our study.9 They used
extracellular electrical stimulation of the inner retinal surface of rabbits and
bullfrogs to determine electrical thresholds of retinal ganglion cells. Their
methods differed from ours in use of relatively large (200 gm diameter) spherical
electrodes in a bipolar configuration, biphasic square wave pulses, and
stimulation and recording from groups (not individual) ganglion cells. They
recorded threshold charge densities of roughly 3 - 9 C/cm 2, which are within the
accepted safety limits for long-term electrical stimulation of nerual tissue with
platinum electrodes.
In principle thresholds could be reported as voltage, current, total charge or
spatially-averaged current or charge density. Voltage is less useful than current
for reporting thresholds because of unpredictable changes in electrode-fluid
interface that affect voltage but not current thresholds of cells. Total charge is
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obtained by the product of current and duration of stimulation, and is therefore
nearly equivalent to use of current as a method of reporting threshold. Spatially-
averaged current and charge density is usually obtained by dividing total current
or charge by the area of the electrode. Electric fields and current densities may
be close to uniform at the boundaries of a spherical conductor but are known to
be concentrated at the edges and even more so at the corners for non-spherical
electrodes.3 For pointed electrodes like those used here, the actual electric field
is highly concentrated at the electrode tip. Thus, estimates of electrochemical
toxicity made on the basis of average charge density are likely to be overly
optimistic since the toxicity will be greatest at regions of maximal charge density.
We have therefore resisted use of charge density in describing our results.
In summary, our study is distinctive in that it reports 1) electrical thresholds
following stimulation and recording from the same retinal ganglion cell, 2) lowest
current thresholds for extracellular stimulation of retinal ganglion cells to date --
< 0.2 pA. with a 500 Usec pulse, 3) a suggestion of multiplicative interaction
between electrode position and stimulus duration for threshold stimuli, 4) more
accurate localization of the point of minimum threshold and lowest values for
minimum threshold when matched-polarity, cathodal search and stimulation
method is used, 5) more highly localized threshold profiles with cathodal vs.
anodal stimulation, 6) dependence of threshold on polarity of search and
stimulation even at distances far removed from the measured origin and 7)
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biologically supportive evidence for the inverse radius-squared relationship of
electric field strength as a function of electrode displacement. This study also
found that charge does not remain fixed as stimulation duration increases and
relatively short chronaxies for cathodal and anodal stimulation.
Our results suggest that small clusters of retinal ganglion cells within a relatively
small radius can be reliably stimulated by relatively small electrical currents
applied extracellularly. The potential neural toxicity and the quality of perception
that might result from such stimulation delivered chronically by a prosthesis




Fig. 1. Orientation of retina and electrodes used for all experiments. Retina
from the inferior part of the eye was always chosen for study, and therefore the
axons of the retinal ganglion cells coursed upwards toward the optic nerve head.
With respect to the receptive field center of a ganglion cell, the x" axis was
defined as being parallel to the presumed course of axons. The waveforms at
right give an example of the stimulus shock artifact and an action potential
recorded from the axon of a retinal ganglion cell.
Fig. 2. Geometry of stimulating electrodes. A. The first protocol used a 25 pm
bipolar electrode (Frederick Haer catalog #16-75-3) with a 25 IJm diameter inner
pole made of platinum wire and an insulated 33 gauge (175 pm inner diameter of
the outer ring) stainless steel tubing that served as the outer pole. B. The
second and third protocols used a platinum/iridium electrode (Frederick Haer
catalog #30-05-1) that was modified slightly so that the exposed tip was 10 pm
in length. C. The fourth protocol used a platinum/iridium electrode (Frederick
Haer #30-05-1) with an 5 Im in length exposed tip. For stability, the shaft of
the platinum/ iridium electrodes were surrounded by and glued to a concentric
glass tube that extended to a point 6 mm short of the tip of the electrode.
-Hi -.s -
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Figure 3. Histogram of the minimum threshold measured near the center of the
optical receptive field for 38 retinal ganglion cells. Measurements were made
with a 25 Im concentric bipolar electrode using 200 Isec monophasic pulses.
Figure 4. Graph of threshold as a function of eccentricity along the y-axis of the
same 38 retinal ganglion cells shown in Fig. 3, plus one other with a very high
threshold at the measured origin. Measurements were made at 50 gm
increments, and each dot indicates one threshold value. Numbers in
parentheses give the number of cells for which measurements were made at that
eccentricity, and those in brackets indicate absolute threshold for values > 250
pA. Median values, shown as an 'X' at each eccentricity, are connected by a
dotted line.
Fig. 5. Strength-duration relation for current (left) and charge (right) at the
measured origin of six retinal ganglion cells. Ten micron long platinum/iridium
electrodes were used to deliver monophasic cathodal stimulation. All measured
data points are shown on the plot of current, and the dotted line connects
median values. Only medians are shown on the charge plot. Charge threshold
increases by a factor of 6.3x as the duration increases from 20 to 500 !isec.
Fig 6. Semilog plot of median current threshold vs. distance from the measured
origin of six retinal ganglion cells along the x- (top graph), y- and z-axes.
--
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Cathodal, monophasic stimulation was delivered with a 10 Im platinum/iridium
electrode. Duration of stimulation is indicated along the right margin of the
upper graph. Lines connect median thresholds for a given duration on each
graph.
Fig. 7. Strength-duration relation for current thresholds obtained by monophasic
anodal stimulation at the measured origin of 13 retinal ganglion cells. A 10 gm
platinum/iridium electrode was used for stimulation. Threshold currents are
plotted separately for each cell, and dotted lines connect median values.
Fig. 8. Histograms of anodal (left) and cathodal (right) current thresholds at the
measured origin of 20 retinal ganglion cells. A 5 im long platinum/iridium
electrode was used to deliver 100 sec monophasic pulses. The measured
origin was sought by searching with anodal (N=10) or cathodal (N=10) pulses.
The lowest of two consecutive measurements at the measured origin is taken as
the threshold for a cell. White bars indicate results obtained when search and
stimulation were of the same polarity; gray bars indicate opposite polarity search
and stimulation. Median thresholds were 6.1 and 0.8 gIA for anodal and cathodal
stimulation, respectively, when results of both search methods were combined.
Matched-polarity search and stimulation (white bars, left and right) generally
produced lower thresholds than unmatched-polarity search and stimulation (gray
bars, left and right).
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Fig. 9. Current thresholds vs. electrode displacement along x-, y-, and z-axes
for the same 20 retinal ganglion cells of fig. 8. Each dot indicates a threshold
value on the linear scale at the left. Thresholds found to be greater than or
equal to 300 pA are indicated as "'300", and the number of such values is
shown next to dark circles along the uppermost division of the threshold axes.
Thresholds obtained by anodal and cathodal search methods are combined in
these plots. The results are separated by polarity of stimulation (anodal, left;
cathodal, right). Solid lines connect median thresholds in reference to the linear
vertical axes on the left; dashed lines connect the same medians when plotted to
the semilog vertical axes on the right.
Fig. 10. Semilog plots of the thresholds in fig. 9, segregated by the polarity of
the search method. Open circles depict median thresholds for polarity-matched
search and stimulation, and dark circles depict thresholds found with the
unmatched-polarity method. For comparison, dashed lines connect the same
median values (combined by search method) as shown in fig. 9.
Fig. 11. High spatial density determination of threshold in the x-y plane around
one off-center brisk, transient retinal ganglion cell body using anodal search
followed by cathodal (left) and anodal (right) stimulation. A 5 pm long platinum/
iridium electrode was used to deliver monophasic pulses of 100 psec duration.
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Measurements were taken at 25 Im increments with the measured origin at the
center. Thresholds are plotted using identical gray-scale values (top) in both
plots.
Fig. 12. Median current threshold vs. electrode displacement from the measured
origin ("0") along the y-axis obtained with monophasic stimulation. Results from
three sets of experimental conditions are compared. Solid line connects median
thresholds obtained with the 25 im long electrode using 200 isec cathodal
stimulation. Dotted line connects median thresholds obtained with the 5 m long
electrode using anodal stimulation (and both search polarities) with 100 isec
pulses. Dashed line connects median thresholds obtained with the 5 im long
electrode using cathodal stimulation (and both search polarities) with 100 sec
pulses.
Fig. 13. Strength-duration curve obtained by normalizing the threshold for each
of the six cells at each of the seven locations shown in fig. 6 to its value for that
position at 100 isec stimulus duration. Each dot represents the median of the
normalized thresholds for the six cells at a single position and duration of
stimulation. The medians at each duration are tightly clustered, with the
standard deviations (of the distributions of medians) ranging from 2% of the
mean at 200 sec to a high of 12% of the mean at 500 jisec. This suggests that
normalized thresholds vary only slightly with position of electrode.
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Fig. 14 Composite plot of relative current threshold vs. electrode distance from
measured origin for 100 psec cathodal stimulation along the (minus) x-, (plus
and minus) y- and z-axes from the 5 and 10 pm long electrode experiments (figs.
6 and 9). Each dot represents a ratio from one position for one cell, normalized
to its threshold value at 100 pm displacement. Xs indicate median ratios of all
cells at given electrode displacements. Numbers in parentheses give the
number of cells from which medians were calculated at that eccentricity. The
line indicates the change in threshold that would result from an ideal 1/r2
relationship, where r is electrode displacement from the measured origin.
Fig. 15. Hypothetical relationship between the polarity of the stimulating
electrode and the resulting local effect on resting membrane potential of a retinal
ganglion cell body. Electrodes are positioned on the side of the soma opposite
the axon hillock because it is more likely than not that randomly placed
electrodes, as would occur with implantation of an epiretinal prosthesis, would
be situated away from the point of lowest threshold for a cell. Anodal stimulation
(left) causes hyperpolarization of the somal membrane near the electrode and




Reproducibility of Threshold Measurements at Measured Origin
Type of Electrode Percent Change Median Median of
Movement Formula* Change Absolute Value of
Percent Change
None 100 (I2-Il/ I) 0% 3.0%
x-y plane 100 (I3-I2/ I2) 7.1% 20.0%
z-axis 100 (I4-I3/ I3) 8.2% 10.6%
* These formulas are of the amount of current (I) needed to elicit action
potentials from one measurement to another. The subscripted numbers in the
formulas refer to the sequence of stimulations, i.e. 12 = current threshold
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